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ESI-MS Electrospray ionization mass spectrometry
FDA U.S. food and drug administration
GBCA Gadolinium-based contrast agents
Gly Glycine
HATU Hexafluorophosphate azabenzotriazole tetramethyl uronium
HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
HOMO Highest occupied molecular orbital
HPLC High-performance liquid chromatography
HSA Human serum albumin
IC-MS Low resolution mass spectrometry
J Coupling constant
kex Water exchange rate
Ln Lanthanide
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MRI Magnetic resonance imaging
MWCO Molecular weight cutoff
m/z Mass/charge ratio
NMR Nuclear magnetic resonance
OI Optical Imaging
PBS Phosphate-buffered saline
PET Positron emission tomography
PiET Photoinduced electron transfer
pKa Acid dissociation constant
POA Phenoxyacetic acid
q Number of coordinated water molecules
r1 Longitudinal relaxivity rate
r2 Transverse relaxivity rate
RF Radiofrequency
SCA Smart contrast agent
SPECT Single-photon emission tomography
SNR Signal-to-noise ratio
T1 Longitudinal relaxivity time






Δω Chemical shift difference
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Abstrakt
Optische Bildgebung (OI) und Magnetresonanztomographie (MRT) sind zwei
leistungsstarke molekulare Bildgebungstechniken sowohl für die Biomedizin als auch
für die Neurowissenschaften. Bisher wurden verschiedene molekulare Sensoren mit
Bildkontrast stärken Funktion entwickelt, um die funktionelle und anatomische
Visualisierung von Körperstrukturen und Flüssigkeiten zu verbessern. Zn(II) gilt als
ein grundlegendes Element in vielen wesentlichen biologischen Prozessen. Die
nicht-invasive Bestimmung der Zn(II)-Schwankungen von der Konzentration hält
man für große Bedeutung, weil es dazu beiträgt, die biologische Rolle von Zn(II) zu
verstehen und die Früherkennung von Krankheiten zu verbessern. Die
vorhandenen/aktuellen relevanten Veröffentlichungen haben die kombinierten
OI/MRT-Bildsensoren wenig untersucht. Die vorliegende Arbeit dokumentiert, wie es
in meiner Forschung versucht wird, mit kombinierten OI/MRT-Bildsensoren Ln(III)-
basierten Sonden, die gegenüber Zn(II) für die dualmodale MRT/OI-Bildgebung
empfindlich sind, herzustellen. Die Zielsetzung dieser Forschungsprojekt ist den
aktuellen Forschungstand weiter zu bringen.
Der erste Projekt beschäftigt sich mit der nicht reagierenden optischen Sonden
EuL1-2, die aus einer DO3A-basierten Berichtseinheit bestehen und die an ein von
Tyrosin abgeleitetes Chromophor gebunden ist. Weitere strukturelle Modifikationen
von EuL1-2 umfassten die Einführung einer Zn-sensitiven DPA-Einheit. Sie ergeben
die Zn-sensitiven Sonden EuL3-4. Im Vergleich zum untersuchten Kationen zeigten
neuen Sonden außergewöhnliche starke Selektivität für Zn(II), und eine 7-fachen
Lumineszenz Verstärkung. Die induzierte Lumineszenzänderung ermöglicht es,
EuL3-4 als lebensfähige Zn-Chemosensoren für biologische Anwendungen zu
etablieren.
Im zweitenTeil wurden die Gd(III)-Analoga von EuL3-4, GdL3-4, hergestellt und sie
mittels NMR bewertet. Das Ergebnis ergab, dass beide Komplexe eine
vernachlässigbare Empfindlichkeit gegenüber Zn(II) in der r1-Relaxivität zeigten. Um
die Empfindlichkeit zu verbessern, wurden die GdL3-4 weiteren Modifikationen
unterzogen. Die eingeführten chemischen Umwandlungen implizierten die
Umwandlung der phenolischen OH-Gruppe in Phenoxyessigsäure, um GdL5-6
bereitzustellen. Diese Modifikationen führten zu einer starken Verbesserung der r1-
Relaxivität (~ 280%) bei Zugabe von Zn(II) unter physiologisch relevanten
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Bedingungen. Die Bewertung von GdL5-6 mit Hilfe verschiedener NMR-Studien in
HEPES, PBS, HSA und Serum in Begleitung von MRT-Phantomen zeigte ihre
hervorragende Empfindlichkeit gegenüber Zn(II). Dies macht die GdL5-6-Wirkstoffe
zu künftiger Sondenentwicklung für biologische Anwendungen aus.
Im dritten Projekt konzentrierte ich mich auf die Entwerfen und Synthetisieren von
trimakrocyclischer Chelator L7, der von der DA18C6-Einheit überbrückt wird. L7s
zweikerniger Eu(III)-Komplex Eu2L7 zeigte einen für EuDOTAM-Gly typischen CEST-
Effekt. Bei der Metallierung des verbleibenden DA18C6-Chelators mit Tb(III)
wandelte sich der Komplex Eu2L7 in ein hetero-mehrkerniges Komplex Eu2L7Tb um.
Dieser gemischte Lanthanoidkomplex zeigte interessante Emissionseigenschaften
bei verschiedenen Anregungswellenlängen. Insgesamt weid dieses System einen
Weg zur Entwicklung von bimodalen Bildgebungssonden anbieten.
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Abstract
Optical imaging (OI) and magnetic resonance imaging (MRI) are powerful
molecular imaging techniques widely used in biomedicine and neuroscience. To date,
various image-contrast-enhancing molecular sensors have been developed to
improve the functional and anatomical visualization of body structures and fluids.
Zn(II) plays a fundamental role in many essential biological processes. The non-
invasive determination of Zn(II) concentration fluctuations is of paramount
importance for understanding its biological role and improve early-stage disease
detection. To the best of our knowledge, the OI/MRI combined imaging sensors are
much less studied. Aiming to expand research in this field, the efforts towards
preparing Ln(III)-based probes sensitive to Zn(II) for MRI/OI dual-modal imaging are
described in this thesis.
The first part of this thesis begins with an introduction of non-responsive optical
probes EuL1-2 consisting of a DO3A-based reporting moiety linked to a Tyr-derived
chromophore. Further structural modifications of EuL1-2 include the introduction of a
Zn-sensitive DPA moiety, resulting in the Zn-sensitive probes EuL3-4. These novel
compounds exhibited strong selectivity to Zn(II) over other studied cations, and
demonstrated an up to 7-fold luminescence enhancement. The induced
luminescence change enables establishing EuL3-4 as viable Zn-chemosensors for
biological applications.
Based on the first project on optical probes, the Gd(III) analogues of EuL3-4,
GdL3-4, were prepared and evaluated by means of NMR. It showed that both
complexes displayed negligible sensitivity to Zn(II) in r1 relaxivity. In order to improve
the sensitivity, GdL3-4 were subjected to further modifications. Thus, the phenolic OH
group was converted into phenoxyacetic acid providing GdL5-6. These modifications
led to a large r1 relaxivity enhancement (~280%) upon the addition of Zn(II) under
physiologically relevant conditions. The detailed evaluation of GdL5-6 properties by
means of various NMR experiments in HEPES, PBS, HSA and serum accompanied
by MRI phantoms, evidenced their outstanding sensitivity to Zn(II). This makes GdL5-
6 complexes potential agents for biological applications.
In the third part, I focused on combining two different OI and MRI modalities into
one entity. Thus, a trimacrocyclic chelator L7 bridged by DA18C6 moiety was
designed and synthesized. Its dinuclear Eu(III) complex Eu2L7 displayed a CEST
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effect, which is typical for EuDOTAM-Gly. Upon metalation of the remaining DA18C6
chelator with Tb(III), the complex converted into a hetero-multinuclear Eu2L7Tb. This
mixed lanthanide complex showed interesting emission properties at different
excitation wavelengths. Overall, this system paves the way towards the development
of bimodal imaging probes with controlled properties.
13
1. Introduction
1.1. Molecular imaging and imaging probes
Molecular imaging (MI) as an imaging technique was developed 30 years ago,
which focuses on imaging molecules of medical interest within living patients. In
stark contrast to conventional techniques such as histology, which is used to obtain
molecular information from ex vivo samples, MI allows a non-invasive visualization of
desired biomarkers in patients.1 With the purpose to better understand fundamental
biochemical processes within living organisms, MI, is constantly gaining in its
popularity within the scientific community. In a broad sense, MI enables the study of
cells in their natural microenvironment. Meanwhile, the real-time data can be
acquired from the same experiment. Specifically, this method can trace cell
movements/migration that give information on important biological processes,
provide a thorough insight into mechanistic aspects of metabolic events, allow early
diagnosis of various diseases, and monitor treatment progress. At present, MI
techniques most used as diagnostic tools in clinics are US, OI, MRI, PET, SPECT
and CT.2, 3
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The different imaging modalities have their associated strengths and drawbacks,
including the resolution of the images, the sensitivity of the technique, its penetration
limit, scanning time and cost. None of the existing imaging modalities can provide
information on all aspects of tissue structure and function. In respect to the type of
molecular transducer, a wide variety of imaging modalities were coupled to detect
signals in response to desired biomarkers. For example, recent interest has emerged
on the development of multimodal imaging, unifying two or three different modalities
into a single instrument. OI modality is a traditional method with advantages such as
low cost, great sensitivity at the cellular and sub-cellular levels, and rapid
multichannel readout. However, the OI is heavily limited by the low depth of tissue
penetration. One alternative way to overcome this impairment is via the utilization of
dual-modal chemosensors. Owing to the much better depth of penetration, MRI is
considered as the second desirable imaging modality. In other words, the bimodal
imaging technique with OI and MRI (OI-MRI) offers deep tissue penetration of MRI
and excellent sensitivity of OI.4, 5
Currently, researchers in the molecular imaging field are focused on three
branches: 1) the development of imaging methods for detecting previously
undetectable types of molecules, 2) the expansion of the number and types of
available probes, and 3) the development of functional probes that noninvasively
visualize the various activities that cells and tissues perform in both health and
disease.1
In a general sense, an imaging probe or CA is either an endogenous or
exogenous substance used to help distinguish tissues. By injecting such reporting
unit (for example, a metal ion chelate, or a fluorochrome) into live tissue, a
corresponding imaging modality (for example, MRI, or OI) is applied to track its
movement in the body. In OI, CAs enhance luminescence (e.g. photoluminescence
(fluorescence, phosphorescence), chemiluminescence) in a target tissue or structure.
Unlike the probes for OI, which are directly detected, in the case of MRI, CAs
shorten the relaxation times of water protons within body tissues in order to alter the
contrast of an image. CAs are commonly used to improve the visibility of blood
vessels and the gastrointestinal tract. Several types of CA are in use in medical
imaging and they can roughly be classified based on the imaging modalities used for
their detection.
15
1.2. Optical imaging probes
Photophysical processes such as absorption, scattering and emission of light
can be used for optical imaging and analyzing the interaction of light with biological
tissues, to get an insight into specific cells or tissues. Usually, the photons emitted as
a result of the excitation of fluorescent molecules, or as a consequence of a
biochemical reaction that takes place in the body, are recorded.
Organic materials or fluorophores, as conventional optical probes, were
developed to evaluate the concentration of target stimuli within a region of interest,
with strong luminescence.6 However, these organic probes are often associated with
drawbacks such as short fluorescent lifetime and short Stokes shift, which limits their
applications in biochemical research.
To overcome the aforementioned drawbacks, lanthanide-based probes were
gradually developed. Compared to the typical organic fluorescence compounds, the
Ln(III)-based complexes feature larger Stokes shifts (>200 nm) and display longer
emission lifetimes (in the range of milliseconds), which is desirable to design the
moieties for novel approaches.7 The most important ions in the context of OI are
Eu(III) and Tb(III) due to their narrow emission spectra and visible luminescence with
red and green colours, respectively.1, 8, 9 Unfortunately, Ln(III) are toxic to the human
body. To efficiently coordinate the Ln(III) and decrease their toxicity, macrocyclic
ligands like DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-trisacetic acid) are widely
used as a motif to develop the target or specific probes.10, 11 Given the high stability
and water solubility of DO3A-based Ln(III) complexes, their properties such as
luminescence and magnetic behavior have been extensively studied.12-16
However, the luminescence intensities of such LnDO3A derivatives are very
weak due to their inefficient direct excitation caused by the f-f transitions forbidden of
the lanthanide ions. The f-f transition, the transition of an electron from an f orbital
which is lower in energy to an f orbital which is higher, is a typical property of Ln(III)
ions.8 While f-f transitions are symmetry forbidden (Laporte-forbidden), transition
metals or chromophores make use of vibronic coupling to break this rule. It has been
noted that the colours of lanthanide complexes originate mostly from charge transfer
interactions between metal and the ligand. Hence, the performance of Ln(III)-based
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luminescent probes may often be enhanced by excitation of the Ln(III) via a
sensitizing chromophore.17 Interestingly, aromatics and their derivatives are often
used as a chromophore motif for such probes.15, 18 In this work, Tyr, as a
nonessential amino acid, was carefully considered to be a chromophore for target
probes, owing to its functional groups including phenol, carboxylic acid and amine
which can be modified further to meet the proposed requirements. In detail, the Tyr
chromophore is the excited from the ground state to excited state, followed by
energy transfer to the Ln(III), resulting in the improved luminescent performance of
the Ln(III)-based probes.
Figure 1. Simplified Jablonski diagram showing the main energy paths during sensitization
of lanthanide luminescence via its antenna ligand. 7, 8, 17, 19 ISC = intersystem crossing
1.3. MR imaging agents
MRI is one of the most versatile and promising methods in modern diagnostic
medicine, as it acquires 3D images of tissues and organs enabling identification of
anatomic anomalies, and some assessment of physiological function. Its further
perspective is monitoring of metabolic processes at cellular and molecular levels by
using agents with high specificity and high relaxivity. Since the images acquired by
17
MRI are featured with high spatiotemporal resolution and unlimited penetration depth,
this strategy is ideal for studying many diseases in vivo.2, 4
The MRI images generated by taking advantage of differences in longitudinal
relaxation of diverse tissues are termed as T1-weighed images. The T1-weighed
images are obtained by using short repetition times, and generally provide very
bright spots of fat-based tissues due to their short relaxation times, while water-
based tissues and fluids appear as mid-grey and very dark, respectively. In addition,
differences concerning T2 relaxation time are also exploited to generate contrast by
using the appropriate pulse sequences with long echo time. In T2-weighed images,
tissues with short T2 are observed as dark regions. MR imaging is based on the
relaxation mechanism of NMR. Figure 2 demonstrates a magnetic resonance
process, accompanying the recovery (T1) and decay (T2) of excited magnetization.
Figure 2. Acquisition of a magnetic resonance experiment and T1, T2 relaxation processes.
The paramagnetic gadolinium(III) ion, compared to other paramagnetic metal
ions, is the most commonly employed candidate to generate MRI CAs. Generally,
the Gd(III) based CAs, are used as T1-weighted agents.20 To efficiently coordinate
the Gd(III) ion and decrease its toxicity, which means increasing the thermodynamic
and kinetic stabilities of its complexes, various linear and macrocyclic ligands are
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widely used to chelate it. Common Gd(III) coordination number is 9. Such ligands
provide 7 or 8 donor atoms to chelate Gd(III) while leaving 2 or 1 binding position for
water molecules, respectively. In other words, a majority of these chelators are
heptadentate or octadentate leaving enough space for the coordination of one or two
water molecule(s) in the inner sphere of Gd(III). At a wide range of magnetic fields,
the number of bound water molecules (q) is the parameter that mostly determines
relaxivity r1, although the parameters such as the exchange rate of the coordinated
water molecule(s) with bulk water (kex), rotational correlation time of the complex (τR),
the Gd-H effective mean distance of the coordinated water molecules (rH) and the
longitudinal and transverse electronic spin relaxation times T1e and T2e of the metal
ion are also important. Commonly, most Gd‐based complexes are monohydrated.
Despite the higher q could result in less satisfactory complex stabilities and lead to a
risk of free Gd(III) leaking which will increase the toxicity, the reasonably designed q
= 2 Gd‐based systems still show acceptable thermodynamic stabilities and exhibit
increased relaxivities. Therefore, the change of coordinated water molecule number
(q) was properly considered in many cases to design so-called smart T1-weighted
agents, which can be turned “on” or “off” upon interaction with the target event.10, 21
Figure 3. Schematic representation of a Gd-based complex with one or two inner sphere
water molecules in exchange with bulk water and the parameters influencing the
relaxation.22
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So far, an increasing number of MRI CAs are designed to exploit the so-called
CEST effect. The CEST effect generates a decrease in bulk water magnetisation
based on proton exchange with a CEST agent. CEST agent gives certain
advantages over conventional T1-weighted GBCAs. Namely, the CEST modality
enables an on/off response on request, accompanied by improved sensitivity.11, 23
The magnitude of the magnetization transferred to the bulk water, namely the CEST
effect, is calculated according to the following equation:24
%CEST = (1 – Ms/M0) × 100%, (1)
Here Ms is the intensity of the magnetic resonance signal of the bulk water upon
pre-saturation and M0 is the intensity of the reference signal.
The CEST principle is best illustrated by the two pools of protons with a general
requirement for frequency difference between the pools, Δω, must be ≥ kex (rate of
exchange between the pools).25 To observe the CEST effect, one pool of protons in
slow-to intermediate exchange with bulk water protons must be pre-saturated by a
frequency selective pulse. The saturated protons then exchange with the water
protons, reducing the intensity of the bulk water MR signal. The illustration of the
CEST mechanism is depicted in Figure 4.
Figure 4. Illustration of the CEST mechanism. The saturated protons from pool B are
passed to pool A through the process of chemical exchange, resulting in a signal decrease
of protons in pool A.26 (Adapted with permission from RSC)
The typical CEST CAs are comprised of ligand containing a pool of
exchangeable protons, most commonly –NH (amide or amine) or –OH (alcohol or
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phenol) groups.16, 27 In addition, the CEST effect may also be produced by the water
molecule which is directly coordinated to the paramagnetic metal ion. Application of
a radiofrequency pulse at the spectral frequency of the ligated water results in the
transfer of magnetization to the bulk water, hence the intensity of the bulk water
signal is decreased (Figure 4). This CEST MRI was introduced around two decades
ago by Ward, Aletras and Balaban.23 The enhancement produced on the image is
perceived as a negative contrast. Initially, it was used to detect different metabolites,
so-called endogenous CAs (for example amino acids, proteins and nucleotides),
present in the body that contains exchangeable protons.
Among the paramagnetic lanthanide ions, the Eu(III), Tb(III) and Yb(III) are
known to considerably shift the signals of the exchangeable proton on the ligand or
the coordinated water molecule. Their complexes are used to produce a CEST effect
of the exchangeable proton or bound water molecule with bulk water and termed as
paraCEST CAs.15, 28 The typical Ln(III)-based paraCEST CAs are the EuDOTAM and
EuDOTAM-Gly complexes.23
Figure 5. Typical lanthanide-based paraCEST CAs.
1.4. Smart probes sensitive to Zn(II)
Much effort has been invested in designing CAs capable of changing their MR
properties upon a specific change in their microenvironment. As MRI is a particularly
21
attractive imaging modality, the smart contrast agents, also referred to as responsive
or activatable CAs, were applied to monitor the changes of their MR properties upon
a specific change in their microenvironment. The SCAs undergo conformational
changes upon interaction with the target molecule, resulting in a change in their
signal properties (for example, enhancing of luminescence or shortening of T1
relaxation time) due to alteration of the parameter(s) that determine energy transfer
or relaxivity. Considering the design of a T1‐weighted SCA, there must be a change
of hydration number, rotational correlation time, water exchange rate, or the electron
spin relaxation times. Given that a) the rotational correlation time is dependent on
the magnetic field; b) water exchange rate is difficult to predict; and c) the electron
spin relaxation times can only exert less influence, the predominant mechanism
responsible for changes in relaxivity for SCAs at high magnetic fields is the change
in hydration state of the complex. The observed signal change implies a change of
CAs between “off” or “on” status that occurs only in the presence of a threshold
concentration of the specific targets. CAs with high relaxivity provide high SNR while
SCAs make high SNR difference. This makes SCAs ideal candidates for molecular
imaging because they provide the highest SNR for molecular target identification.29
According to the stimuli that activate CAs, they are classified into pH-activated,
enzyme-activated, metal ion responsive, redox CAs. For instance, a plethora of
responsive CAs were developed to probe bivalent metal ions (such as Ca(II), Zn(II)
or Fe(II), etc.), as they are important modulators of various biological processes.
Besides, many diseases have been associated with altered metal ion concentration
in the body and thus in vivo determination of metal ion distribution is highly desirable.
In the human body, Zn(II) takes part in various biochemical processes which are
of essential importance for the normal functioning of the body.30 It is the second most
abundant trace metal in bodies after iron and it is the only metal which appears in
all enzyme classes. Most Zn(II) is in the muscle, bone, liver and brain. In the brain,
Zn(II) is stored in specific synaptic vesicles by glutamatergic neurons and can
modulate neuronal excitability. It plays a key role in synaptic plasticity and in learning.
Zn(II) homeostasis also plays a critical role in the functional regulation of the central
nervous system.31
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Symptoms associated with mild Zn(II) deficiency are diverse. Clinical outcomes
include depression, impotence, delayed sexual maturation, eye and skin lesions,
altered cognition, impaired immune functions, defects in carbohydrate utilization, and
reproductive teratogenesis.30 Although Zn(II) is an essential requirement for good
health, excess zinc can be harmful. For instance, excessive absorption of Zn(II)
suppresses copper and iron absorption. Therefore, determination of concentration
fluctuations of Zn(II), in a non-invasive manner, is of paramount importance to
understand its biological role and improve early-stage disease detection.32-35
Figure 6. Illustration of responsive mechanism and examples of zinc responsive SCAs.
To evaluate the Zn(II) concentrations in the body, DPA is the most used moiety
to build Zn-responsive probes. The DPA chelator, first reported in 1964, is known to
form stable complexes with Zn(II).36 Combining the DPA moiety with either
luminescent or MRI molecular sensors, can result in Zn(II)-responsive probes for
optical or MR imaging, respectively. Specifically, appending the DPA moiety to a
chemosensor makes it a luminescent probe sensitive to Zn(II), while appending the
DPA to a lanthanide motif makes the complex an MRI CA sensitive to Zn(II). A
variety of imaging probes selective to Zn(II) were developed including those used for
in vitro or in vivo experiments. Especially, the optical probes and MRI CAs were
abundantly developed to reach ideal probes sensitive to Zn(II).10
1.5. Optical/MR dual-modal imaging CAs
OI techniques, especially fluorescence microscopy, have a high spatiotemporal
resolution but limited depth of penetration. However, MRI is benefited by unlimited
penetration depth. Thus, an exogenous dual-modal CA which can transduce
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interactions with stimuli into signals detectable by both MRI and fluorescence
imaging techniques would be a perfect imaging agent characterized by high
spatiotemporal resolution and non-limited penetration depth.5, 22, 37-40 ‘Two is better
than one.’41
Figure 7. Dual-modal contrast agents combining optical and MR imaging properties.
The first MRI-fluorescent dual-modal probes were reported by Meade and co-
workers in 1998, which contains both a Gd(III) chelate and a fluorophore
tetramethylrhodamine.40 Interestingly, complexes incorporating two different Ln(III)
ions can provide such dual-properties, enabling the design of dual-modal probes, for
instance, the luminescent and MRI imaging probe. The activatable dual-modal
probes are rarely reported, Aime and co-workers reported a Tm(III)/Gd(III)-based
lipoCEST CA, in which the CEST response is activated by quenching T1 contrast
through reductive cleavage of Gd-based moieties.42 In addition, polynuclear
complexes have also been widely studied.22, 43-47 For example, in 2003, Faulkner and
co-workers synthesized a hetero-trimetallic lanthanide complex using a DTPA-like
cage to bridge two kinetically stable Tb-complexes, resulting in a probe with terbium-
sensitized ytterbium luminescence.48 Therefore, combining two or more different
types of Ln(III) ions in one molecule can pave the way to synthesize multi-modal
probes for future imaging of the interested stimuli.
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1.6. Motivation and objectives of the thesis
Given OI and MRI techniques are powerful diagnostic tools utilised in clinics, the
application of CAs pushed them to visualize biological processes in a dynamic
manner. Zn(II) involves in many such essential processes and both its deficiency and
excess states can result in symptoms. Therefore visualization of Zn(II) fluctuations
by such techniques is of paramount importance to understand its biological role and
improve early-stage disease detection. To this end, this Ph.D. thesis is focusing on
the synthesis and characterization of OI and MRI probes sensitive to zinc ions. The
research, as an attempt to explore dual-modal imaging probes, was gradually
developed from two non-smart optical probes to two Zn-sensitive optical probes by
adding a Zn-sensitive moiety DPA. Then, the research was proceeded continuously
from two non-smart T1-weighted MRI CAs to two Zn-sensitive T1-weighted MRI CAs
by converting a phenol group to a phenoxyacetic acid group. Additionally, a hetero-
nuclear trimacrocyclic derivative appending a DA18C6 moiety was designed and
synthesized, towards a potential optical and MR dual-modal imaging probe. In other
words, getting closer to the final goal of Zn-sensitive OI/MRI dual-modal agents, the
efforts were devoted step by step from non-smart optical probes to Zn-specific
probes, from non-smart T1-weighted MRI CAs to Zn-specific agents, and from the
non-smart but hetero-polynuclear dual-modal probe, to explore the potential way
towards the development of OI/MRI probes for zinc ions detection.
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3. Results and discussion
3.1. Zn(II)-specific luminescent probes
Zn(II) plays a fundamental role in many essential biological processes. Either an
excess or deficiency of Zn(II) can induce symptoms and pathologies.31 The
luminescent probes sensitive to Zn(II) would be significant assets to investigate the
biological role of Zn(II) and provide early-stage disease diagnosis. To this end,
probes EuL3-4 were developed to specifically recognize Zn(II) over other metal ions.
First, Tyr was considered to build the basic ligand block and to start the gradually
developed system in this thesis thanks to its functional groups including one phenol,
one carboxylic acid and one amine unit which can be modified further to meet the
proposed requirements.12, 49 For example, the phenol unit can react with aldehyde
and amine in a Mannich reaction resulting in aminoalkylphenol derivatives at the
ortho position.50, 51
Here, to chelate lanthanide ions and decrease their toxicity, DO3A is used to
build the chelator, leaving one remaining secondary amine for further functional
modification. Upon appending the previously mentioned Tyr to the DO3A chelator,
two free ligands were synthesized, either bearing an amino acid (H3L1) or an amino
acid methyl ester (H3L2) in the Tyr group.52 Their Eu(III) complexes EuL1-2 were
made and both of them behaved as typical chromophore probes. Namely, the
chromophore Tyr was excited at 320 nm and absorbed energy at the first stage.53, 54
Then, Tyr transferred its energy to Eu(III) because the LUMO of Eu(III) is lower than
that of Tyr. In other words, the rule of f-f forbidden transition of Eu(III) was broken,
resulting in characteristic emission peaks of Eu(III) at 580 nm, 596 nm, 617 nm, 655
nm and 702 nm from 5D07FJ (J = 0 to 4) transitions. The emission intensity of EuL1-
2 showed no obvious changes upon addition of the studied metal ions, suggesting
they are non-sensitive probes.
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Figure 8. Chemical structures of EuL1−4 discussed in this project. The part in red is the
luminescence center EuDO3A while the part in blue is the zinc sensitive DPA.
Scheme 1. Synthesis route of complex EuL1-4.
To build a zinc-responsive probe, DPA as the most-used zinc-chelator was
considered and appended to complexes EuL1-2, providing smart probes EuL3-4. For
the synthesis of L1-2, protected Tyr reacted with protected DO3A, resulting in the
precursor 1. The precursor 1 was treated with TFA and converted to L1. L1 was
further treated with LiOH and converted to L2. For the synthesis of L3-4, in the first
step, DPA was coupled to the protected Tyr, providing compound DPA-Boc-Tyr-OMe
2. Then the alkylation reaction of protected DO3A with Boc-Tyr-OMe was performed
at 110 oC, which results in precursor 3. Similarly, TFA treatment of precursor 3
results in L3 while further LiOH treatment results in L4. After HPLC purifications,
europium salt was introduced to the obtained final ligands respectively, giving
corresponding complexes. Most importantly, here DPA acted as an electron-rich
center/donor to achieve a “turn-on” process upon the addition of Zn(II). Specifically,
in the absence of Zn(II), the “interception” of the energy absorbed by Tyr has
occurred, induced by the nitrogen lone pair in DPA, namely the PiET process,
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resulting in luminescence quenching of complexes EuL3-4. In other words, the DPA
moiety can intercept/capture the excited electron which is coming from the
chromophore, which will transfer to Ln(III), giving a quenched luminescence.55 Upon
addition of Zn(II), the nitrogen lone pair was involved in complexation with Zn(II),
which prevented the PiET process and made the energy transfer from Tyr to
europium ion possible, resulting in luminescence enhancement.
Figure 9. a) Luminescence changes of EuL1−4 (50 μM) upon addition of Zn(II). All data were
recorded in HEPES buffer (50 mM, pH 7.4) with λex=322 nm and λem=617 nm; intensity was
estimated by the peak height at λem=617 nm. b) Luminescence variations of EuL3 (50 μM) to
Zn(II) in the presence of different metal ions. Blue bars indicate the luminescence intensity
of EuL3 in the presence of various metal ions (3 equiv.). Green bars indicate luminescence
intensity of EuL3 after the subsequent addition of Zn(II) (3 equiv.).
At the same conditions (50 μM complex, 50 mM HEPES buffer, pH 7.4 and 25
oC), the ion selectivity of these two complexes were tested with biologically relevant
ions such as Na(I), K(I), Mg(II), Ca(II), Fe(II), Fe(III), Cu(II). As shown in Figure 9, the
results demonstrated the specificity of EuL3-4 towards Zn(II) over other metal ions
except for Cu(II). However, this ion can be omitted because its amount is very low in
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the body.56 The proved ion selectivity of these complexes guaranteed the
luminescence enhancement measurements upon the addition of Zn(II). In the Zn(II)
titration experiment, luminescence was enhanced 7-fold for EuL3 and 5-fold for EuL4
upon Zn(II) addition, by monitoring the emission intensity at 617 nm. The Job’s plots
for both EuL3-4 were measured to demonstrate the binding relationship between the
complexes and Zn(II). The results revealed complex EuL3 bound two Zn(II), while
EuL4 bound one. The only structural difference between these two complexes is the
amino acid Tyr moiety: either amino acid group was esterified or not. This difference
resulted in different luminescence enhancement. The expected reason is that the
amino acid was formed as a zwitterion while the amino acid methyl ester has
interacted with Zn(II) at physiological pH. The additional Zn(II) binding induced
further luminescence enhancement than complex EuL4.
Figure 10. Luminescence emission intensity variations with pH changes of a) EuL3 (open
symbols) and EuL3Zn (filled symbols), b) EuL4 (open symbols) and EuL4Zn (filled symbols)
in water (50 μM complex, 100 mM KCl as the electrolyte, λex=322 nm; intensity was
estimated by the peak height at λem=617 nm).
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To understand the mechanism responsible for the “turn-on” response to Zn(II),
the pH dependences of the emission intensity of EuL3-4 and EuL3-4Zn were
investigated, respectively. The fitted equilibrium constants logK determined for the
association of EuL3-4 with Zn(II) are close to values 8.3 (Figure 10), indicating that
nearly all EuL3-4 were converted to EuL3-4Zn at pH 7.4. For EuL3-4Zn, the fitted
equilibrium constants are near to values 7.5, involving the protonation/deprotonation
of the phenol unit. To confirm the aforementioned insights, further UV-Vis studies
with the investigated complexes were performed. The results showed that both EuL3-
4 are responsive to 1 equivalent of Zn(II), causing the decline of absorption intensity
at ~250 nm, which confirms the complexation of Zn(II) with the DPA moiety of the
ligand. Furthermore, the absorbance variation of EuL3 was studied at different pH
values. The band at 303 nm decreases by increasing pH, accompanying the
development of a new band at 335 nm. The fitting of the absorbance changes at 335
nm provides an equilibrium constant logK = 9.4  0.5, which confirms the
protonation/deprotonation processes of phenol moiety.
Furthermore, DFT calculations of EuL3 and EuL3Zn were carried out by Prof. Dr.
Carlos Platas‐Iglesias, which rationalized the observed results. Herein, EuL3 are
responsive PiET probes in which the HOMO of the lone pair of the amine nitrogen in
DPA has higher energy than the europium center in the absence of the Zn(II). Once
the chromophore unit Tyr is excited, an electron transfers from the HOMO of the
donor to the HOMO of the DPA moiety, quenching the emission of the probes. Upon
coordination of Zn(II) with the DPA moiety, the energy level of the HOMO of the
donor is reduced, making the energy transfer to europium ion feasible. As a result,
the overall luminescence of EuL3 Zn is enhanced.
3.2. Zn(II)-specific T1-weighted CAs
In this project, firstly, the gadolinium analogues of EuL3-4, GdL3-4, were
synthesized and their T1-relaxivity versus Zn(II) concentrations were measured at 25
oC, pH 7.4.52 In detail, both complexes GdL3-4 have high initial r1 values (~ 7.5 mM-1s-
1), suggesting the presence of monohydrated complexes in both cases. The high r1
values for both complexes are in line with monohydrated GdDO3A-type derivatives
with similar size.57 The relaxometric titrations of GdL3-4 with Zn(II) induce only a less
than 10% enhancement in relaxivity upon the addition of up to 3 equivalents of Zn(II)
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ions. The small relaxivity changes reveal that the phenolic OH of the complexes
were bound to the gadolinium ion either with or without Zn(II) present, corresponding
to the UV-Vis studies of EuL3 depicted in the previous project.
Figure 11. Chemical structures of GdL3-6.
Changing the bound water molecule number is the most important method to
change the relaxivity in small molecules,58, 59 which is the key concerning for the
project described here. Therefore, to build a zinc-responsive T1-weighted MRI CA,
the phenolic OH of GdL3-4 was modified further (Figure 11). Specifically, the phenol
unit was alkylated and converted to a POA unit. The POA unit was proposed to
chelate gadolinium in the absence of zinc ions whilst converting from Gd(III) to Zn(II)
coordination upon zinc ion addition. The POA group as a “flipping” arm can result in
the change of bound water molecule number q and provide the “turn-on” mechanism
of the relaxivity of the complex. Therefore, the desired ligand H4L5 and its complex
GdL5 were prepared. The synthesis details of discussed complexes are depicted in
scheme 2. Starting from compound 3 established in the first project, the alkylation of
its phenol OH results in precursor 4. On the other hand, the alkylation of compound 3
with 13C-labeled compound 5 resulted in the isotopic precursor 4*. Both precursors
were treated with TFA to give ligand L5 and L5*. Then the corresponding lanthanide
complexes were prepared by treating the ligands with EuCl3•6H2O or TbCl3•6H2O in
water while maintaining the pH at ~7. To demonstrate the aforementioned
mechanism, a series of 1H NMR proof-of-principle studies were performed to
describe the process of relaxivity changes of this complex and push the complex to
be a highly potent MRI agent specific to Zn(II).
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Scheme 2. Synthesis route of complex LnL5 (Ln = Gd, Tb ) and GdL5*
Following the assumption that the POA will be pulled away from paramagnetic
ion by added Zn(II) , 1H NMR relaxometric titrations were firstly performed at 7 T and
25 oC in 50 mM HEPES or PBS buffer, to evaluate the relaxivity response of GdL5
towards Zn(II). Both r1 and r2 were measured after every addition of Zn(II). The
results shown an ~400% enhancement in r1 relaxivity upon saturation with 1
equivalent of Zn(II) in HEPES (Figure 12a). Instead, when the PBS buffer was used,
the overall r1 enhancement is ~300% at 25 oC, indicating the formation of small
amounts of ternary complexes between the phosphates and Gd(III). Surprisingly, this
performance is still outstanding. Additional Zn(II) did not trigger either quenching or
enhancement of r1 relaxivity and confirmed the strong 1:1 binding between Zn(II) and
the POA group. Then, the selectivity of GdL5 towards Zn(II) was tested in separate
experiments with Mg(II), Ca(II) and Cu(II). As showed in Figure 12c, no obvious
relaxivity response of GdL5 towards Mg(II) and Ca(II) was observed, with the
exception of Cu(II). However, the very low quantities of Cu(II) in the human body is
not likely a big issue for Zn(II) (~0.1 g and ~4 g for Cu(II) and Zn(II), respectively).56,
60
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Figure 12. Longitudinal relaxivity r1 of GdL5 at 7 T. a-b) r1 in the presence of various
concentrations of ZnCl2 in HEPES (50 mM) or PBS (50 mM) at pH 7.4, a) 25 oC or b) 37 oC;
c) r1 in the presence of different quantities of Ca(II), Mg(II), Cu(II) or Zn(II) (50 mM HEPES,
pH 7.4 and 25 oC).
Given the inspiring results of longitudinal relaxivity studies, to shed light on the
binding pattern of GdL5 with Zn(II), its Eu(III) analogue EuL5* was prepared with the
13C-labeled POA group. As a paramagnetic ion, Eu(III) can strongly shift and reduce
the signals of atoms with non-zero spin nucleus such as 1H and 13C (with a spin
quantum number of 1/2), depending on the relative distance between them.
Following the previously reported procedures by Meade and coworkers,61, 62 a series
of 13C NMR spectra of 15 mM EuL5* were recorded with adding ZnCl2 (Figure 13). In
the Zn-free state, only two broad and shifted signals at 93.5 ppm and 211.7 ppm
were observed, indicating coordination of the POA group to the paramagnetic Eu(III).
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Gradually adding Zn(II) conducts the attenuation and disappearance of these two
broad peaks, accompanying the appearance and enhancement of two sharp
doublets at 71.7 ppm and 175.6 ppm. This specific experiment strongly suggests the
different behaviors of the POA group in the absence and presence of Zn(II). Namely,
the addition of Zn(II) causes the formation of a Zn(II) complex with the DPA moiety,
triggered the POA group to “flips” away from Eu(III) (Figure 13b). As a result, the 13C
NMR signals of the POA carbons recover to the status as free L5* ligand. Therefore,
this study illuminates the structural status changes of paramagnetic metal ion, which
were selectively triggered by Zn(II).
Additionally, the coordination properties of this system were also assessed by
testing the luminescence lifetimes of EuL5* and TbL5 in D2O or H2O with and without
Zn(II) at pH 7.4 and 25 oC. The hydration number q of Eu(III) or Tb(III) center was
calculated from luminescence lifetimes in the absence and presence of Zn(II). In the
Zn-free state, both complexes showed a q value of 0. This non-hydrated state
matches the shifted and reduced signals of labeled carbon in 13C NMR spectrum of
EuL5* and explains the very low initial r1 value of GdL5. Once the complex and Zn(II)
interact, the calculated q values are increased to 1.4 and 1.5 for EuL5* and TbL5,
respectively. This higher hydration matches the dramatically increased r1 value of
GdL5 upon Zn(II) binding and the recovery of signals of labeled carbons observed in
13C NMR spectra of EuL5*. The hydration number investigation and 13C NMR study
confirm the assumption that the non-hydrated Gd(III) leads to a very low relaxivity
while higher hydration of Gd(III) caused by Zn(II) gives rise to a dramatically high
relaxivity.
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Figure 13. a) 13C NMR spectra of EuL5* in the presence of 0-2.4 equiv. of Zn(II) at 25 oC
and 75 MHz (note: 48.9 ppm is the reference signal of 13CH3OH). b) Proposed interaction of
the phenoxyacetate group with the paramagnetic metal center (up) and Zn(II) (down), which
leads to an increase in hydration number and the “turn-on” response.
In general terms, the relaxivity value is influenced by temperature. With the
increase of temperature, the relaxivity will decrease at all magnetic field ranges due
to the thermal activation of motion of water molecules surrounding the gadolinium
complex.63 Whilst the r1 of GdL5 in PBS buffer increased from 1.47 to 5.58 mM-1s-1 at
the physiological temperature 37 oC, the overall relaxivity enhancement still
remained as high as ~280%, suggesting the potential of this complex to be a Zn(II)
specific MRI CA (Figure 14b). Subsequently, the stability of GdL5 was assessed in a
transmetalation reaction against Zn(II) at 25 oC and 37 oC, respectively. The
“thermodynamic index” resulted in values 90%, 81% and 75% at 37 oC after 24 h, 72
h and 120 h, respectively. This experiment confirmed the investigated complex is a
highly stable SCA.
Generally, the potential of a new complex to serve as a T1-weighted SCA is
further demonstrated 1) in HSA and serum medium in the 1H NMR relaxometric
titrations with Zn(II), and 2) in vitro in an MRI experiment on phantoms. HSA, known
as a chelator for aromatic groups or Zn(II), may reduce the hydration of the complex
then decrease its relaxivity. To evaluate the possibility of this investigated complex to
be a candidate for in vivo application, the relaxometry of GdL5 with Zn(II) in the
presence of either HSA or human serum were studied at 37 oC, 7 T. The experiment
results showed the HSA binding affected the relaxivity of this complex but still
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induced a ~200% relaxivity enhancement at the high magnetic field and physiological
temperature (Figure 14a, left). To the best of our knowledge, this is the highest
enhancement in the presence of HSA at the high magnetic field (> 1T) so far. On the
other hand, the relaxivity enhancement is less impressive (~50%) in human serum
(Figure 14a, right). It is proposed that bicarbonate, which is abundant in human
serum (HCO3-, 20-30 mM),64 is involved in the formation of a ternary complex
between HCO3- and Gd(III). As reported in many research, bicarbonate possesses a
relatively high affinity for these types of q = 1 or q = 2 complexes.65, 66 64 To find out if
the relaxivity quenching is caused by bicarbonate, the 1H NMR relaxometric
response of GdL5 towards Zn(II) was recorded in PBS buffer containing 25 mM
HCO3- at 7 T and 37 oC (Figure 14c). The r1 relaxivity enhancement is ~40%, which
confirmed the bicarbonate in serum occupied the hydrated water molecules.
Although the bicarbonate is involved in complexation with GdL5, this relaxivity
enhancement in serum is still better than published CAs so far.
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Figure 14. Relaxivities r1 and r2 of GdL5 in different media. a) 1.0 mM GdL5 in 0.6 mM HSA
(left) or in serum (right) with various concentrations of ZnCl2; b) in 0.6 mM HSA and 50mM
PBS medium with various concentrations of GdL5; c) 1.0 mM GdL5 in 25 mM NaHCO3 and
50mM PBS with various concentrations of ZnCl2 (pH 7.4 and 25 oC or 37 oC).
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Subsequently, a series of different samples of GdL5 were imaged, to assess the
potential of this complex as a T1-weighted SCA. In the MRI phantom imaging
experiment, six vials containing GdL5 alone, GdL5 with added 1 equivalent of Mg(II),
1 equivalent of Ca(II), 0.5 equivalent of Zn(II), 1 equivalent of Zn(II) and 1 equivalent
of Zn(II) were imaged in a 7 T MRI scanner at room temperature by Dr. Tanja
Gambino. In Figure 15, comparing the control image of the tube with GdL5 alone,
tubes with GdL5 and 0.5 or 1.0 equivalent of Zn(II) show a great signal enhancement,
whereas tubes where Ca(II) or Mg(II) were added just display similar contrast,
confirming that a selective “turn-on” response of GdL5 can be visualized in a Zn-rich
condition.
Figure 15. T1-weighted MR images of tube phantoms at 7 T of a 1 mM solution of GdL5 in
50 mM HEPES buffer (pH 7.4 and ~22 oC). The tubes were positioned in the following order:
a) GdL5 only, b) +1.0 equiv. Mg(II), c) +1.0 equiv. Ca(II), d) +0.5 equiv. Zn(II), e) +1.0 equiv.
Zn(II), f) +2.0 equiv. Zn(II).
The conversion of amino acid methyl ester to free amino acid in the Tyr group of
GdL5 afforded complex GdL6. At 25 oC, this new complex has a lower relaxivity
enhancement (~200) than complex GdL5 in HEPES buffer but a similar
enhancement (~290%) in PBS buffer. At 37 oC, the relaxivity enhancements of GdL6
in serum or bicarbonate medium are the same as GdL5, owing to both complexes
having similar coordination environments of the metal ions in the absence and
presence of zinc ions (Figure 16). To collect more information on GdL6 upon the
conversion of amino acid methyl ester to free amino acid in the Tyr group, a further
step in the investigation of the detailed effect could be necessary.
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Figure 16. a) Relaxivity r1 of 3.0 mM GdL6 in HEPES and PBS buffers with various
concentrations of ZnCl2 at 37 oC; b) Relaxivity rate variation of 3.0 mM GdL6 in 50 mM
HEPES with Zn(II) versus time at 25 oC; c) Relaxivities r1 and r2 of 3.0 mM GdL6 in human
serum with various concentrations of ZnCl2 at 37 oC.
3.3. CEST/optical dual-modal probe.
Hetero-multinuclear agents make dual-/multi-modal imaging possible. By
coupling different metal ions, the new agent will possess potential dual-modal
sensing properties. For further extension of the first optical probes project and
second T1-weighted MRI project, in the third project, given that EuDOTAM-Gly is
famous as a typical paraCEST agent,67-69 the DOTAM-Gly block was considered to
build up a trimacrocyclic derivative L7 appending a DA18C6 moiety, intending to
explore a multi-nuclear dual-modal probe for CEST/optical imaging. First, the CEST
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effects of the dinuclear europium complex Eu2L7 were studied. Then, the hetero-
trinuclear complex Eu2L7Tb was prepared and its luminescence properties were
characterized.
Figure 17. The chemical structures of Eu2L7 and Eu2L7Tb investigated in this project.
Details for the ligand synthesis, starting from DA18C6 and mono-Bn-protected
DO1A, are shown in Scheme 3. Two blocks for chelating Eu(II) and Tb(III) were
synthesized separately. Europium chelator block was started from the alkylation of
polyamine 6 with bromide 7. The afforded macrocycle 8 was hydrogenated in DMF,
providing the compound 9 with one free carboxylic acid. Terbium chelator block was
started from the alkylation of DA18C6 with Cbz-protected compound 10. The
hydrogenation of the Cbz protecting group catalyzed by Pd/C formed compound 12
with two primary amines. The combination of two blocks 9 and 12 was catalyzed by
HATU, resulting in the trimacrocyclic compound 13. After deprotection by base
hydrolysis, the free ligand L7 was purified by HPLC. The dinuclear complex Eu2L7
was made at room temperature, adjusting pH ~7 using 0.1 M NaOH solution. Finally,
the complex Eu2L7 was treated with TbCl3 solution, providing hetero-multinuclear
complex Eu2L7Tb.
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Scheme 3. Synthesis route of complex Eu2L7. Reagents and conditions: (i) Na2CO3, DCM,
r.t. 12 h; (ii) H2/Pt, DMF, r.t., 12 h; (iii) MeCN, Cs2CO3 , 65 oC, 4.5 h; (iv) H2/Pt, EtOH, r.t., 4 h;
(v) HATU, DMF, r.t., 6 h; (vi) LiOH, MeOH, r.t., 12 h; (vii) EuCl3∙6H2O/H2O, 50 °C, 12 h
Firstly, the CEST effects of Eu2L7 were studied at 25 °C. The CEST spectra of
the 5 mM complex were recorded with 10 s pre-saturation times and variable
saturation power B1 at pH 7.4, as depicted in Figure 18. Given a series of paraCEST
derivatives of EuDOTAM-Gly show a CEST signal at ~50 ppm,67-69 the signal of
Eu2L7 similarly appeared at 51 ppm, which is attributed to the proton exchange of
Eu(III)-bound water with the bulk water molecules. With the increase of saturation
power B1 from 2.5 μT to 30 μT, the CEST effects are strongly affected.70 The CEST
effect enhancement reaches ~40% for the increase in saturation power from 5 μT to
30 μT.
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Figure 18. The CEST spectra of the complex Eu2L7 (5 mM, irradiation time 10 s, in 50 mM
HEPES with pH 7.4, 25 °C) recorded at different B1.
Figure 19. a): The CEST spectra of 5 mM Eu2L7 at different temperatures. b): The
dependence of the chemical shift of the bound water protons on temperature (pH = 7.4, B0 =
7 T, saturation power B1= 20 μT, TS 10 s).
Then, the aforementioned CEST studies were repeated at different temperatures.
As expected, the CEST spectra registered pronounced differences both in the
chemical shift of the bound water pool and the saturation efficiency of the bulk water
(Figure 19). Along with the increase in temperature from 10 °C to 40 °C, the
chemical shift of the bound water pool shifted upfield from 57 ppm to 45 ppm. A
linear fitting was performed and the results showed that the shift of signal is linear to
temperature (Figure 19b). The calculated temperature sensitivity is 0.4 ppm/°C,
having a similar value to that of EuDOTAM-Gly.71 Additionally, the signal shape of
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both bound and bulk water were also affected by temperature (Figure 19 a). As the
higher temperature is applied, the shapes of the two water peaks broaden, owing to
more rapid exchange.
Subsequently, the Bloch–McConnell equations, modified for chemical exchange,
namely the quantitative CEST methods,72 were used to extract the water exchange
rates, kex, at different temperatures. The longitudinal and transversal relaxation times,
T1 and T2, were measured using the inversion-recovery and Carr-Purcell-Meiboom-
Gill pulse sequences respectively and used to fit these data. As depicted in Figure
20, the kex assumed from a three-pool fitting model is dependent on temperature.73, 74
At 25 °C, the value is 10 kHz, comparable to the value reported for the EuDOTAM-
Gly.75 All the discussed properties make Eu2L7 to be a good candidate for future use
as a paraCEST agent.
Figure 20. The kex values of bound water molecule (5 mM complex Eu2L7) dependent on
temperature. Each temperature experiment was recorded at pH 7.4, with an irradiation time
of 10 s and different B1 (5, 10, 15, 20, 25 and 30 μT). The corresponding kex value was
calculated using the quantitative CEST (qCEST) method.
To extend the complex Eu2L7 to be a dual-modal probe, the remaining DA18C6
moiety was used to chelate another type of Ln(III) ion, albeit rather weakly. Namely,
the stability constant of DA18C6-based Ln-complexes is small (logKa < 3),76, 77 But
interestingly, the afforded hetero-trinuclear complex Eu2L7Tb showed mixed
emission spectra including both characteristic peaks of terbium and europium ions.
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In Figure 21, the emission spectra of Eu2L7Tb were recorded at different excitation
wavelengths from 225 nm to 395 nm, displaying fluctuations of the peaks either from
Eu(III) (5D0 → 7FJ) or from Tb(III) (5D4 → 7FJ). The emission excited at 225 nm
exhibited only four characteristic peaks of Tb(III) ion, with the strongest one at 545
nm (5D4 → 7F5). While the emission excited at 395 nm resulted in only four
characteristic peaks of Eu(III) ion, with the strongest one at 616 nm (5D0 → 7F2).78, 79
Additionally, excitations at 265 nm, 283 nm and 305 nm cause the combined peaks
from both Eu(III) and Tb(III) ions.80
Figure 21. Luminescence spectra of 0.2 mM Eu2L7Tb versus excitation wavelength values
at 25 °C, pH 7.4.
Upon the formation of Eu2L7Tb, the potential of this molecule for the detection of
anions was investigated. Owing to the coordinatively unsaturated nature, the effects
of small endogenous anions to Eu2L7Tb are studies, which is similar to previously
investigated cyclen-based Ln(III) chelates.18, 81 In these cases, the unsaturated Eu(III)
or Tb(III) ions have binding site(s) for water molecules. The bound water molecule(s)
are O–H oscillators with high energy, which can efficiently quench the
luminescence.82, 83 By contrast, displacement of a water molecule by anions can
suppress the non-radiative energy quenching, providing stronger emission. Here, the
luminescence of trimacrocyclic host Eu2L7Tb was assessed in solution with
biologically important anions. A series of Eu2L7Tb solutions with F-, Br-, I-, HCO3-,
HPO42-, OAc- and SO42-, respectively, were excited at 285 nm and their emission
intensities were monitored in the range between 540 nm and 630 nm. As shown in
46
Figure 22, only anions HCO3- and OAc- significantly enhanced the emission
intensities. In a single emission spectrum, HCO3- induces stronger emission of Eu(III),
while the OAc- strengthens the emission of Tb(III), suggesting that bicarbonates
preferentially displace bound waters in cyclen-derived chelates, whereas the
acetates dominantly replace Tb-bound water molecules. On the other hand, the
emission of Tb(III) is definitely quenched by anions F- and HPO42-, remaining
unaffected emission of Eu(III).
Figure 22. Luminescence selectivity studies of 0.2 mM Eu2L7Tb at 25 °C, pH 7.4. Excitation
= 285 nm, 2 eq. of anions, monitored range from 540-630 nm.
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4. Conclusions and outlook
Zn(II) is a fundamentally important metal ion which appears in all enzyme classes.
Its deregulation is associated with diverse symptoms. Therefore, to understand its
biological role and improve early-stage disease detection, in a non-invasive manner
like OI and MRI, is of paramount importance. Here, this thesis describes the design,
synthesis and characterization of lanthanide-based chelates, contributing to work in
the field of MR or optical probes sensitive to zinc ions, and dual-modal probes with
MR/optical imaging modalities, which paves the way to build dual-modal agents for
zinc ion detection by means of optical/MR imaging. Towards such a final aim, many
efforts have been undertaken.
a) Two Zn-sensitive optical probes EuL3-4 were developed from two non-sensitive
optical probes. These novel probes exhibited strong selectivity to Zn(II) over other
studied cations, leading to a 5- or 7-fold enhancement in luminescence intensity. The
induced luminescence change establishes EuL3-4 as viable Zn-chemosensors for
biological applications.
b) Two Zn-sensitive T1-weighted MR agents GdL5-6 were developed from two
non-sensitive T1-weighted agents. Especially GdL5 showed ~400% relaxivity
enhancement. Luminescence lifetime studies, ITC studies and 13C NMR spectra
measurements were conducted to explain the “turn-on” mechanism. The
transmetalation studies, selectivity tests, performance evaluation in media like HSA
or human serum and MRI phantoms, all the results evidenced the outstanding
sensitivity of this complex to Zn(II) for potential biological applications
c) A polynuclear lanthanide complex as a dual-modal probe was developed. By
combing the MRI CEST effects and luminescence properties into one platform, this
probe paves the way to develop further potential dual-modal MRI/luminescence
probes.
To conclude, the work conducted here describes gradually developed
approaches towards the development of dual-modal agents for zinc ion detection by
means of optical/MR imaging. Looking to the future, based on the third project and
combining the aforementioned another two projects, the final aim can be achieved by
coupling the Zn-sensitive optical probe with the Zn-sensitive MRI agent, which will
result in a dual-model probe EuL1-GdL5 for zinc ions detection by OI/MRI. For further
48
steps, such a dual-model probe can be modified by attaching a 19F moiety. To this
end, the multi-modal optical/19F/T1-weighted agent EuL1-GdL5-19F can be
established towards monitoring of zinc ion levels in vivo.
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